The kilonova associated with GW170817 displayed early blue emission, which has been interpreted as a signature of either radioactive decay in low-opacity ejecta, relativistic boosting of radioactive decay in high-velocity ejecta, the cooling of material heated by a wind or by a "cocoon" surrounding a jet, or a combination thereof. Distinguishing between these mechanisms is important for constraining the ejecta components and their parameters, which tie directly into the physics we can learn from these events. I compile published ultraviolet, optical, and infrared light curves of the GW170817 kilonova and examine whether the combined data set can be used to distinguish between early-emission models. The combined optical data show an early rise consistent with radioactive decay of low-opacity ejecta as the main emission source, but the subsequent decline is fit well by all models. A lack of constraints on the ultraviolet flux during the first few hours after discovery allows for both radioactive decay and other cooling mechanisms to explain the early bolometric light curve. This analysis demonstrates that early (few hours after merger) high-cadence optical and ultraviolet observations will be critical for determining the source of blue emission in future kilonovae.
INTRODUCTION
The first detection of gravitational waves from the merger of two neutron stars (GW170817; LIGO Scientific Collaboration & Virgo Collaboration 2017a) was followed by the detection of electromagnetic emission from the same source (see LIGO Scientific Collaboration & Virgo Collaboration 2017b, and references therein) . This emission, which spanned the γ-ray, X-ray, ultraviolet, optical, infrared, and radio wavelengths, can be used to constrain models in a variety of physical regimes.
The optical-infrared flare following a neutron star merger, known as a kilonova, was theoretically predicted to be powered mainly from the radioactive decay of heavy elements formed in the merger (e.g. Li & Paczyński 1998; Rosswog 2005; Metzger et al. 2010; Roberts et al. 2011) .
During the final coalescence, approximately 10 −4 -10 −2 M of neutron-rich material is predicted to be released at high velocities (0.1-0.3c) from tidal tails in the equatorial plane and possibly also ejected from the contact region between the two neutron stars in the polar direction (e.g. Hotokezaka et al. 2013) . Additional mass could also be ejected in neutrino-driven winds and/or in outflows from a newly formed accretion disk (e.g. Metzger et al. 2008 Metzger et al. , 2018 Grossman et al. 2014) .
The conditions in some or all of these ejecta components could accommodate r-process nucleosynthesis of heavy elements, which would radiate as they decay. The detailed emission properties depend on the ejecta mass, velocity, and composition. Heavier elements known as lanthanides (formed in low electron-fraction material) can increase the ejecta opacity by several orders of magnitude Tanaka & Hotokezaka 2013) , making the light curve fainter, redder, and longer-lived Grossman et al. 2014) .
Each of the ejecta components mentioned above could have a different mass, velocity, and composition, leading to several emission components. The tidal ejecta are expected to be lanthanide-rich and thus produce an approximately week-long infrared transient, while the polar ejecta may have a higher electron fraction, resulting in lanthanide-poor ejecta and a faster and bluer transient. The emission from wind or disk outflows may be either red or blue, depending on the nature and lifetime of the merger product. Even a short-lived (∼ 100 ms) massive neutron star could induce enough neutrino ir-radiation to increase the electron fraction of the wind ejecta and shift its associated emission to the blue (see Metzger 2017a for a review).
Broadly speaking, the properties of the tidal ejecta are most sensitive to the mass ratio of the neutron stars, the properties of the polar ejecta are sensitive to the neutron star radii, and the properties of the wind ejecta are sensitive to the nature of the merger product (Metzger 2017a, and references therein). It is therefore desirable to identify the different emission components in observed kilonovae in order to constrain the properties of their associated ejecta components.
For example, determining the neutron star masses and radii, as well as the nature of the merger product, can provide novel constraints on the neutron star equation of state. In addition, identifying the existence of a polar component can constrain the viewing angle, which in turn constrains the distance of the merger through the gravitational-wave signal, improving the use of such mergers as cosmological distance probes (Abbott et al. 2017) .
Specifically, it is useful to determine if and how much of the early blue emission seen in the GW170817 kilonova indeed originates from radioactive decay in dynamical polar low-opacity ejecta, in highly relativistic ejecta, in ejecta heated by winds, and/or by the cooling of shock-heated ejecta interacting with a "cocoon" produced by a jet created in the merger. This determination could potentially also constrain the uncertainties in the formation and ejection of such a jet (e.g. MurguiaBerthier et al. 2014 MurguiaBerthier et al. , 2017 .
One of the main differences in predictions between radioactive decay vs. cooling from the various other scenarios is the rise time of the emission. Radioactive emission could have an approximately day-long rise due to the requirement that it thermalize and make its way through the expanding ejecta (e.g. Metzger 2017b):
Shock cooling emission, on the other hand, will be essentially instantaneously declining (e.g. Piro & Kollmeier 2017 ).
An important caveat to Equation 1 is that it assumes a single central heating source diffusing through a uniformly expanding ejecta. The rising behavior of a light curve produced from multiple such components (e.g. Villar et al. 2017) or from models with different assumptions (e.g. Kasen et al. 2017; Kasliwal et al. 2017; Waxman et al. 2017; Metzger et al. 2018 ) may differ. Still, given the early and dense coverage of the GW170817 kilonova, examining its rise time may indicate a preference for certain models over others.
The GW170817 kilonova was discovered by telescopes in Chile ∼ 11 hours after the merger, and was only visible for approximately 1-2 hours per night. Therefore, discerning a light curve rise on a 24 hour timescale requires combining observations from multiple sites. This was initially done by Arcavi et al. (2017a) using the Las Cumbres Observatory global network of telescopes, finding an approximately 1 day rise in single-band observations taken between Chile and Australia.
Here, I compile the published ultraviolet, optical, and infrared data of the GW170817 kilonova 1 obtained from various sources at various observing sites to better constrain the light curve rise and to test whether it can be used to distinguish between the different models of the early blue emission. 3 . In the following I assume a distance modulus of 32.98 and a distance of 39.5 Mpc to the host galaxy of the GW170817 kilonova (Freedman et al. 2001, retrieved via NED) .
Data from the same filter taken within 0.1 days of each other are binned together (given the limited observability of the kilonova from ground-based sites, data in most bins were taken within the same half hour). The binning was performed in flux space by weight-averaging the data points according to their reported uncertainties. The original and binned data are presented in Figure 1. Though some data points are outliers to their bin, they do not skew the bin average and therefore are not omitted.
All data points in the Open Kilonova Catalog that include magnitude system information were reported in the AB system, except for a few V -band data points that were reported in the Vega system. Since the Vband differences between Vega and AB are negligible (∼ 0.02 mag), I consider all data points to be in the AB system. A definitive compilation of the data will require re-processing all images using homogeneous procedures for host-galaxy light removal, photometry extraction, and magnitude calibration, and is beyond the scope of this Letter. The combined photometry supports a ∼ 1 day rise in the optical light curves. Arcavi et al. (2017a) reported a rise in the w-band -with the combined data, the rise can be seen also in the r and i-band data, and at least a flattening can be inferred in the g and V bands on the same time scale. The first ultraviolet observations were obtained four hours after the first optical ones and seem to be already declining at that time.
I construct a bolometric light curve by dividing the combined multi-band data set (excluding the w, y and Blackbody fits to the optical and infrared SED at discovery (black points; blue fit) and to the ultraviolet, optical, and infrared (the ultraviolet data are from four hours after discovery; gray points; red fit). Including the ultraviolet data reduces the inferred blackbody temperature by ∼ 1500 K, resulting in a lower bolometric luminosity at discovery (Fig. 5 ). Optical and infrared magnitudes interpolated to the ultraviolet epoch are shown in purple empty circles for comparison and demonstrate the rapid evolution of the SED at these times. The insets show the corner plots for each MCMC fit, with contour lines denoting 50% and 90% bounds, red and blue solid lines (overplotted on each histogram) denoting the mean and median of each parameter distribution (on top of each other in most cases), and dashed lines denoting 68% confidence bounds. The bandpasses of the different filters used are shown at the bottom of the main plot.
third epoch. The first epoch is analyzed twice, due to the uncertainty in the ultraviolet flux at discovery (see below). For the second epoch, the U and U V W 1-band data are interpolated to match the time of optical and infrared observations. All epochs with data in at least four different bands are fit to a blackbody using Markov Chain Monte Carlo (MCMC) simulations implemented through the emcee package (Foreman-Mackey et al. 2013 ) to determine the blackbody temperature and radius. The model blackbody SEDs are convolved with the observed filters for each epoch and compared to the observed magnitudes. This method implicitly takes the characteristics of the filter transmissions into account, including the optical tails known as the "red leaks" in the U V W 1 and U V W 2 filters on board the Neil Gehrels Swift Observatory Ultraviolet Optical Telescope.
A large uncertainty in the bolometric luminosity in the bands are excluded due to differences in the filter characteristics used by the different sources -the flux in these infrared bands is of little consequence when constraining the blue emission mechanism.
first epoch is due to the fact that ultraviolet images were obtained four hours after the first optical and infrared ones -a delay comparable to the predicted evolution time scale of the emission at that time. Therefore the bolometric luminosity at the epoch is calculated in two different ways:
1. By fitting a blackbody only to the simultaneous optical and infrared data (blue fit in Figure 2 ).
2. By fitting a blackbody to the optical, infrared, and (four-hour later) ultraviolet data (red fit in Figure  2 ).
Both fits for the discovery epoch are presented in Figure 2 . They each match the data well and converge cleanly on a set of blackbody parameters. Including the ultraviolet data from four hours after discovery in the discovery epoch lowers the best-fit temperature by about 1500 K, compared to not having any ultraviolet constraints.
A total of 21 additional epochs are fit. All fits converge onto single-peaked radius and temperature distributions except in five epochs where a small number of walkers converged on disjointed local likelihood maxima, leading to a > 15% relative error in the radius, temperature, or deduced bolometric luminosity. These epochs were removed. The resulting bolometric light curve is presented and compared to other published light curves in Figure  3 .
After the first day, the bolometric light curve declines at an initial rate of ∼t −1 followed by a steeper ∼t
decline at later times, consistent with the expected radioactive heating rate. It is possible that the true SED of the kilonova cannot be described by a single blackbody in all epochs. However, the good fits in most epochs suggest that the blackbody approximation is reasonable. In addition, the bolometric values derived here are almost identical to those derived by performing trapezoidal integration of the multi-band photometric data (without a blackbody assumption) in Waxman et al. (2017) .
MODELS
Five models are considered: the analytical multicomponent purely radioactive emission model used in Villar et al. (2017) , the analytical single-component purely radioactive emission model of Waxman et al. (2017) , the numerical shock cooling plus boosted radioactive emission model used in Kasliwal et al. (2017) , the analytical purely shock cooling emission model of Piro & Kollmeier (2017) , and the Metzger et al. (2018) model considering the cooling of wind-heated ejecta and radioactive emission. Villar et al. (2017) employ a model that combines a parameterization of the radioactive heating rate from Korobkin et al. (2012) , an analytical approximation to the thermalization fraction from Barnes et al. (2016) , and the diffusion formalism outlined in Arnett (1982) for central energy deposition in a sphere undergoing homologous expansion. A blackbody is assumed with a photospheric radius expanding at a constant velocity until a temperature floor (which is left as a free parameter) is reached. Villar et al. (2017) find a good match to the multi-band light curve combined from various sources (similar to the one produced here) by using a spherical model with three ejecta components, which they denote as blue, purple and red. Each component has a fixed opacity of κ blue = 0.5 cm 2 g −1 , κ purple = 3 cm 2 g −1 and κ red = 10 cm 2 g −1 . The model has a total of 10 free parameters: 3 ejecta masses, 3 velocities, and 3 temperatures, and a scatter term. Their fitted ejecta masses and ejecta velocities are M blue = 0.02M , M purple = 0.05M , M red = 0.01M , and v blue = 0.27c, v purple = 0.15c, v red = 0.14c respectively. Waxman et al. (2017) use a similar literaturecombined light curve, but explain it with a single ejecta mass component, parameterized with a power-law velocity distribution, a uniform radioactive energy release rate, and a time-dependent opacity, with the energy deposition governed by electrons and positrons rather than neutrinos and γ-rays. The model has eight main parameters. Though some of them might be constrained from a priori theoretical considerations, here I consider them free parameters: the normalizations and powerlaw indices for the velocity, heating rate, and opacity (v M ,α,ε M ,β, and κ M ,γ respectively), the total ejecta mass M , and the effective electron opacity κ e . Waxman et al. (2017) find good matches to the bolometric and multi-band light curves with an ejecta velocity gradient of v ≈ 0.1c-0.3c, a relatively high ejecta mass of M ≈ 0.05M and an opacity of κ ≈ 0.3 cm 2 g −1 at early times and κ ≈ 1 cm 2 g −1 by day 6. Kasliwal et al. (2017) consider the formation of a cocoon as a newly launched jet interacts with the material ejected by the merger. They use numerical simulations to show that regardless of the fate of the jet, the cocoon can shock and heat the ejecta at relatively large radii compared to the size of the neutron stars. As the ejecta cool they produce blue emission on a time-scale of a few hours (Gottlieb et al. 2018) , after which the emission source transitions from shock cooling dominated to radioactive decay dominated, and the main contribution to the blue emission comes from time-dilated and doppler-boosted radioactive decay in high-velocity (> 0.4c) ejecta. Piro & Kollmeier (2017) are able to match the early light curves of Drout et al. (2017) with shock cooling emission alone. They adapt the analytical shock cooling models from Nakar & Sari (2010) , Piro & Nakar (2013) , and Nakar & Piro (2014) to the case of ejecta shocked through energy deposited by a jet (Nakar & Piran 2017) . The energy deposition is taken to be a power law in ve- Time since merger (rest-frame hours) Figure 4 . Optical and ultraviolet light curves for the first 3 days after merger. Left: compared to the radioactive decay luminosity model from Villar et al. (2017) and the combined shock cooling -boosted radioactive decay model from Kasliwal et al. (2017) . Right: compared to the single-component radioactive decay luminosity model from Waxman et al. (2017) and the shock cooling model from Piro & Kollmeier (2017) . The Villar et al. (2017) pure radioactive decay model is more consistent with the ∼ 1 day rise seen in the optical bands, but the other models are more consistent with the subsequent decline. The Waxman et al. (2017) model is consistent with both the rise and decline but introduces a sharp jump in the light curves, which in reality may be smoother. Observations at earlier times, where the models differ more substantially, could provide stronger constraints for future events. Colors and filter shifts are the same as in Figure 1 .
locity, and an expanding blackbody photosphere is assumed. The model has five free parameters: the powerlaw index s, the initial radius where the shock heating was deposited R, the ejecta mass M ej , the minimum expansion velocity v, and the opacity κ. Metzger et al. (2018) consider both cooling and radioactive decay in a neutrino-heated, magnetically accelerated wind created from a hypermassive neutron star that survives ∼ 0.1-1 s after the merger. As with the cocoon, this mechanism can heat ejecta at relatively large radii. A similar power-law energy distribution as in Piro & Kollmeier (2017) is assumed, though with a larger ejecta mass moving at higher velocities.
Some of the debate around the different models focuses on whether their inferred parameters for the ejecta mass, velocity, and opacity, as well as their energetics, are compatible with the gravitational-wave constraints for this event and with our assumptions on neutron star and shock cooling physics. Here, I accept the models as they were presented in their respective papers and test how consistent they are with the combined published light curves of the GW170817 kilonova.
4. ANALYSIS
Comparing Models to the Multi-band Light Curves
The Villar et al. (2017) model was fit by them to a combined light curve similar to the one presented here, so I take their best fit as-is for comparison. The Kasliwal et al. (2017) model is numerical so I also take their fit as is. The Piro & Kollmeier (2017) and Waxman et al. (2017) models, on the other hand, were not formally fit to the data, so I fit them here to the combined light curve using MCMC simulations in a similar way as described for the blackbody fits above (also excluding the w-, y-, and Y -band data).
The Piro & Kollmeier (2017) shock cooling model is fit to the first four days of the combined multi-band light curve, producing a best fit with s = 2.7, R = 7.1 × 10 10 cm, M ej = 4 × 10 −3 M , v = 0.2c, and κ = 0.8 cm 2 g −1 . The Waxman et al. (2017) model is fit to the full length of the combined multi-band light curve. I take their f νγ (the energy fraction carried by neutrinos and γ-rays) to be 0, which is consistent with their assumption that the dominant energy deposition is governed by electrons and positrons (in any case, this parameter is fully degenerate withε M ). The best fit is obtained with v M = 0.15c, α = 0.6,ε M = 7.4 × 10 9 erg g −1 s −1 , β = 0.9, κ M = 0.4 cm 2 g −1 , γ = 0.6, M = 3.5 × 10 −2 M , and κ e = 0.6 cm 2 g −1 . These values are in rough agreement with the values predicted from theoretical considerations in Waxman et al. (2017) . However, since some of these parameters are likely to be physically correlated (e.g. Barnes et al. 2016) , allowing them all to vary freely may be somewhat unphysical. Figure 4 shows my best-fit Piro & Kollmeier (2017) and Waxman et al. (2017) models, as well as the best-fit model from Villar et al. (2017) , and the model of Kasliwal et al. (2017, I assume blackbody emission to deduce the multi-band magnitudes), compared to the ultraviolet and optical data from the first three days. Since the goal here is to perform a qualitative comparison between the model rise and decline behaviors and the combined data, I do not present goodness of fit comparisons.
Instead, it can be seen that all models qualitatively fit the data well. The longer rise seen in the Villar et al. (2017) radioactive model is more consistent with the rise seen in the data, but the shock cooling and boosted emission models match the subsequent declining phase better. The Waxman et al. (2017) model reproduces both the rise and decline phases well, though the jump in their light curve model may be smoother in reality. Since the models differ more at earlier times, stronger constraints could be obtained in future cases with observations taken < 10 hours after the merger.
The multi-band behavior of each model depends on assumptions about the nature and evolution of their spectra. Additional insights might be gained by comparing the model bolometric predictions to the bolometric light curve.
Comparing Models to the Bolometric Light Curve
The bolometric luminosity of the same models presented in Figure 4 is compared to the measured bolometric light curve in Figure 5 . The effective temperature and photospheric radius of models with singlecomponent values for these parameters are also compared to the inferred values from observations. In all cases, the difference between the two blackbody fits considered for the first epoch SED is enough to accommodate all models. The uncertainty in the ultraviolet flux at discovery influences the bolometric light curve slope at discovery from being rapidly declining, consistent with the added heating models, to being slowly declining, consistent with purely radioactive emission models. The radioactive decay model of Metzger et al. (2010) , which has a rise in the bolometric light curve at early epochs, is also roughly consistent with the data.
It is thus not possible to distinguish between the models even with the bolometric light curve, given the uncertainty in the early ultraviolet behavior.
CONCLUSIONS
By combining the photometry of the GW170817 kilonova from various published datasets, a rise time of ∼ 1 day is confirmed in the optical bands. This rise is better reproduced by radioactive decay in low-opacity Figure 5 . Bolometric luminosity, photospheric temperature, and photospheric radius from the blackbody fits (circles). The results from the two blackbody fits from Figure 2 are shown for the first epoch: without any assumptions on the ultraviolet emission at that epoch (blue circle), and including the ultraviolet data from four hours later (red circle). That difference is enough to change the early behavior of the bolometric light curve from a shallow slope, resembling that of the pure radioactive emission models (red lines) to a steep slope similar to that of the shock heating, wind heating, and boosted radioactive decay models (blue lines and shaded region). A radioactive heating rate of t −1.3 is also shown for comparison to the late bolometric evolution (gray line). (The data used to create this figure are available.)
ejecta, but models with alternative or additional heating sources and the boosted radioactive decay model all reproduce the subsequent decline as well or better.
Because the first data were obtained just at the cusp of peak optical luminosity, and due to the four-hour lag between the discovery epoch and the first ultraviolet observations, neither of the models tested here can be ruled out. In order to distinguish between such models for the early blue emission in future kilonovae, observations in the optical and ultraviolet bands need to be obtained even earlier (i.e. one to a few hours after the merger). Such early observations could also constrain the contribution of free-neutron decay as an additional source of (∼hour-long) blue emission (Metzger et al. 2015) .
Obtaining observations on these time scales relies on the quick availability of the gravitational-wave localization. In the case of GW170817, a five-hour delay in the localization (due to a glitch in one of the detectors) prevented earlier discovery of the kilonova. Had the localization been available even one hour earlier, the Las Cumbres Observatory follow-up program would have detected the kilonova from South Africa, five hours before it was discovered over Chile (Arcavi et al. 2017b) . Swift might have also detected it earlier. Such observations should therefore be possible for future events. Future events could also benefit from space-based wide-field ultraviolet imagers, such as the proposed ULTRASAT mission (Ganot et al. 2016 ).
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